ABSTRACT The aim of this study was to investigate effects of L-threonine (L-Thr) supplementation on the growth performance, immunity, antioxidant status, and intestinal health of broilers at the early age. One hundred and forty-four 1-day-old male broiler chicks (Arbor Acres Plus) were allocated into 3 treatments with 6 replicates of 8 birds each, and fed a basal diet (analyzed Thr content, 7.87 g/kg) supplemented with 0 (control diet), 1 and 3 g/kg L-Thr for 21 d, respectively. Treatments did not alter growth performance of broilers. Compared with control, 1 g/kg Thr supplementation increased relative weight of spleen (P = 0.013). A higher level of Thr (3 g/kg) increased relative weight of thymus (P = 0.003). The supplementation of 3 g/kg Thr reduced Escherichia coli (P = 0.040) and Salmonella colonies (P = 0.015), whereas increased Lactobacillus colonies (P < 0.001) in the cecal contents. Thr supplementation increased intestinal villus height (P < 0.05), and the ratio of villus height to crypt depth (P < 0.001), and the values for these parameters were intermediate with 1 g/kg Thr. Goblet cell density was increased by Thr supplementation (P < 0.001). The jejunal immunoglobulin G content was increased by the inclusion of Thr (P = 0.002). Broilers fed diet supplemented with 1 g/kg Thr exhibited increased concentrations of jejunal immunoglobulin M (P = 0.037) and secretory immunoglobulin A (P = 0.018). Likewise, 3 g/kg Thr inclusion increased ileal secretory immunoglobulin A content (P = 0.023). The jejunal malondialdehyde accumulation was reduced by Thr inclusion (P = 0.012). A higher level of Thr inclusion also reduced malondialdehyde content in the serum (P = 0.029). The high level of Thr inclusion (3 g/kg) upregulated mucin-2 mRNA expression (P = 0.034), whereas downregulated the mRNA abundances of interferon-γ (P = 0.036) and interleukin-1β (P = 0.031) in the ileum. In conclusion, L-Thr supplementation can improve immunity, antioxidant capacity, and intestinal health of broilers at an early age.
INTRODUCTION
Thr is usually classified as the third most-limiting amino acid for broilers fed corn-soybean meal basal diets (Kidd and Kerr, 1996) , and it will become the first most-limiting amino acid in practical broilers diets once lysine and methionine requirements are met (Kidd and Kerr, 1996; Corzo et al., 2007) . Among the essential amino acids, Thr plays a vital role in the maintenance of intestinal barrier integrity and mucin synthesis (Law et al., 2007; Wang et al., 2010) . Thr is found in high concentrations in the ileal endogenous protein losses, particularly in the mucins in which Thr represents 16% of total amino acids (Lien et al., 1997) . In vivo study has shown that in piglets between 80% and 90% of dietary Thr is used specifically by the intestine, and the vast C 2016 Poultry Science Association Inc. Received April 7, 2016 . Accepted May 27, 2016 Corresponding author: zhouym6308@163.com majority of which is incorporated into mucosal proteins (Schaart et al., 2005) . Low dietary Thr has been shown to reduce the synthesis of mucins in the intestine of rats (Faure et al., 2005) , impair intestinal integrity and barrier function of piglets (Hamard et al., 2007; Law et al., 2007; Hamard et al., 2010) . Additionally, Thr is a major component of plasma γ-globulin in poultry, pigs, rabbits, and humans (Tenenhouse and Deutsch, 1966; Kim et al., 2007) , and is crucial for the function of immune system (Bhargava et al., 1971; Li et al., 1999; Wang et al., 2006; Corzo et al., 2007; Li et al., 2007; Azzam et al., 2011) .
Previous studies have demonstrated that dietary Thr supplementation can improve intestinal morphology and barrier function, increase intestinal goblet cell density and expression of mucin-2 (MUC2) mRNA, reequilibrate the gut microbiota, and enhance antioxidant ability in animals (Faure et al., 2006; Law et al., 2007; Hamard et al., 2010; Wang et al., 2010; Azzam et al., 2011 Azzam et al., , 2012 . Similarly, extra Thr inclusion can promote the growth of immune organs, stimulate the synthesis of 405 immunoglobulins-including immunoglobulin A (IgA), immunoglobulin G (IgG) and secretory immunoglobulin A (SIgA)-improve immune response, and alleviate the immune stress induced by Escherichia coli challenge or Newcastle disease virus (Bhargava et al., 1971; Li et al., 1999; Wang et al., 2006; Corzo et al., 2007; Kadam et al., 2008; Azzam et al., 2012; Ren et al., 2014; Trevisi et al., 2015) despite previous studies have also shown that dietary Thr content did not affect the production of antibodies, innate or adaptive immune responses of broilers (Takahashi et al., 1994; Kidd et al., 1997) . Under commercial conditions, a higher level of Thr that exceeds the current NRC recommendation (1994) is required to achieve maximum immune function and health status for poultry (Corzo et al., 2007; Azzam et al., 2011 Azzam et al., , 2012 Star et al., 2012) . However, studies regarding an intake of dietary Thr in excess of current NRC (1994) recommendation on the immunity, oxidative status, and intestinal health of broilers at an early age are rare. The Thr requirement recommended by NRC (1994) for broilers during 0 to 3 wk is 8 g/kg, and the maximum level of extra L-Thr supplementation for poultry is 3 g/kg according to the regulation issued by Ministry of Agriculture of China (2009). We selected 3 g/kg as the highest level for the extra L-Thr supplementation and hypothesized that extra Thr inclusion would exert a beneficial effect on broilers at the early age. This study was therefore conducted to investigate the effects of dietary L-Thr supplementation on the growth performance, immune function, antioxidant capacity, intestinal integrity, and barrier function of broilers at an early age.
MATERIALS AND METHODS

Husbandry, Diets and Experimental Design
All procedures were approved by Nanjing Agricultural University Institutional Animal Care and Use Committee.
A total of 144 1-day-old male broiler chicks (Arbor Acres Plus) with similar hatching weight were randomly distributed into 3 dietary treatments consisting of 6 replicates (cages) with 8 birds per replicate, and fed a basal diet supplemented with 0 (control group), 1 and 3 g/kg L-Thr (985 g of L-Thr/kg of product; Meihua Holdings Group Co., Ltd., Langfang, P. R. China) for 21 d, respectively. The calculated value of Thr in the basal diet (8.0 g/kg) is equivalent to 100% of the NRC recommendation (1994) . The analyzed Thr content in the diets determined with an amino acid analyzer (Hitachi L-8900, Hitachi, Tokyo, Japan) was 7.87 (control group), 8.71 (1 g/kg L-Thr group) and 10.69 g/kg (3 g/kg L-Thr group), respectively. Ingredient composition and nutrient content of the basal diet are given in the Table 1 . Birds were allowed free access to water and mash feed in 3-level cages (120 cm × 60 cm × 50 cm; 0.09 m 2 per chick) in a temperature-controlled room with continuous lighting. The temperature of the room was maintained at 32 to 34
• C for the first 3 d and then reduced by 2 to 3
• C per wk to a final temperature of 26
• C. At 21 d of age, birds were weighed after a 12-h feed withdrawal, and feed intake was recorded by replicate (cage) to calculate average daily gain, average daily feed intake, and feed conversion ratio. Birds that died during the experiment were weighed, and the data were included in the calculation of feed conversion ratio.
Sample Collection
At 21 d of age, birds were weighed after feed deprivation for 12 h; more than one broiler in each cage had the body weight that was near to the mean weight of each pen, one bird was then randomly selected from these candidates in each cage (replicate) and weighed. Blood samples were collected from wing veins and centrifuged at 4,450 × g for 15 min at 4
• C to separate serum, which was immediately frozen at −20
• C until further analysis. After that, broilers were euthanized by cervical dislocation and necropsied immediately. The whole gastrointestinal tract was rapidly removed and placed on a chilled stainless-steel tray. Cecum samples were then quickly removed aseptically, and contents of which were collected and cultured to measure the colonies of Lactobacillus, Escherichia coli, and Salmonella. The jejunum (from the end of pancreatic loop to the Meckel's diverticulum) and ileum (from Meckel's diverticulum to the ileocecal junction) were also excised free of the mesentery. Approximately 2-cm segments of mid-jejunum and mid-ileum were removed, flushed gently with ice cold phosphate-buffered saline (PBS; pH 7.4), and then immediately placed in 10% fresh, chilled formalin solution for subsequent histological measurement. Around 20 cm of jejunal and ileal segments were opened longitudinally and the digesta were flushed with ice-cold PBS. The jejunal and ileal mucosa were scratched carefully using a sterile glass microscope slide, which was then rapidly frozen in liquid nitrogen and stored at −80
• C for further analysis. Bursa, thymus, and spleen were also collected and weighed to obtain the relative organ weight using the following formula: relative weight of immune organ (g/kg) = immune organ weight (g)/body weight (kg).
Determination of Serum Parameters
Total superoxide dismutase (T-SOD) activity and malondialdehyde (MDA) concentration were determined using commercial diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, P. R. China) according to the manufacturer's instructions. The activity of T-SOD was analyzed by hydroxylamine method (Oyanagui, 1984) , and one unit of T-SOD was defined as the amount of enzyme per milliliter of serum required to produce 50% inhibition of the rate of nitrite production at 37
• C. MDA concentration was measured by barbiturate thiosulfate assay (Placer et al., 1966) , and was expressed as nanomole per milliliter of serum.
The activity of diamine oxidase (DAO) was determined according to the spectrophotometric method of Hosoda et al. (1989) . The assay mixture (3.8 mL) contained 3 mL PBS (0.2 mol/L, pH 7.2), 0.1 mL (0.04 g/L) horseradish peroxidase solution (Sigma-Aldrich Chemical, St. Louis, MO), 0.1 mL odianisidine-methanol solution (5 g/L of odianisidine [Sigma-Aldrich] in methanol), 0.5 mL serum sample and 0.1 mL substrate solution (1.75 g/L of cadaverine dihydrochloride, Sigma-Aldrich). The mixture was incubated for 30 min at 37
• C, and then absorbance at 436 nm was read to determine DAO activity.
Measurement of Mucosal Parameters
Approximately 0.3 g mucosal samples were homogenized (1:9, wt/vol) with ice-cold 154 mmol/L sodium chloride solution using an Ultra-Turrax homogenizer (Tekmar Co., Cincinatti, OH) and centrifuged at 4,450 × g for 15 min at 4
• C. The supernatant was then collected and immediately stored at −20
• C for the subsequent analysis. The activity of T-SOD and MDA content were assayed as described above for the serum samples. One unit of T-SOD was defined as the amount of enzyme per milligram protein of mucosa required to produce 50% inhibition of the rate of nitrite production at 37
• C, and the concentration of MDA was expressed as nanomole per milligram protein of mucosal sample. The immunoglobulin M (IgM), IgG and SIgA contents were determined in appropriately diluted mucosal samples by enzyme-linked immunosorbent assay using microtiter plates and chicken-specific IgG, IgM, and SIgA quantitation kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, P. R. China). All results were normalized against total protein concentration in each sample for inter-sample comparison, and were expressed as microgram per milligram protein of mucosa. Total protein concentration of mucosa was determined according to the method described by Bradford (1976) using bovine serum albumin as the standard protein.
Microflora Population Measurement
Approximately 0.2 g aseptically removed cecal contents were diluted in 2 mL sterilized saline solution (154 mmol/L), and then 3 10-fold serial dilutions were made from diluted cecal contents (10 −3 , 10 −4 and 10 −5 for Salmonella; 10 −4 , 10 −5 and 10 −6 for Escherichia coli and Lactobacillus). A 0.1-mL portion of the last 3 dilutions was spread evenly onto plates. Salmonella and Escherichia coli colonies were determined on Bismuth sulfite agar (Qingdao Hope Bio-Technology Co. Ltd., Qingdao, Shandong, P. R. China) and MacConkey agar incubated at 37
• C for 24 h, respectively. Lactobacillus colonies were enumerated on MRS agar medium cultured at 37
• C for 48 h. All plates with countable colonies were enumerated and averaged to express as log CFU per gram of cecal content.
Histological Measurement
Intestinal segments were dehydrated, cleared, and embedded in paraffin. Serial sections were cut at 5 μm, deparaffinized in xylene, rehydrated, and stained with hematoxylin and eosin. Villus height and crypt depth of 10 well-oriented villi per section were measured using a Nikon ECLIPSE 80i light microscope equipped with a computer-assisted morphometric system (Nikon Corporation, Tokyo, Japan). For the determination of goblet cell number, sections were stained with a combination of Alcian Blue and periodic acid-Schiff (Luna, 1968; Horn et al., 2009) . In detail, slides were deparaffinized, hydrated, stained with Alcian Blue solution (1 g of Alcian Blue, 3 mL/L of acetic acid, 97 mL of distilled water, pH 2.5) for 30 min, rinsed in tap water for 10 min, oxidized in periodic acid for 15 min, rinsed in lukewarm tap water for 5 min and then stained in periodic acid Schiff (30 min). Mucin-containing cells were counted in 5 villi per segment and averaged using the aforementioned Nikon ECLIPSE 80i light microscope. Goblet cell density was calculated as the average goblet cell count divided by the average villus length, and expressed as goblet cell number per 100 μm of villus length. All staining chemicals were sourced from SigmaAldrich Chemical (St. Louis, MO).
Messager RNA Quantification
Messenger RNA abundance was determined according to our previous method as described by Zhang et al. (2014) . In detail, total RNA was isolated using TRIzol reagent (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China) according to the manufacturer's guidelines. Its concentration and purity were measured from OD260/280 readings (ratio > 1.8) using NanoDrop ND-1000 UV spectrophotometer (Nano Drop Technologies, Wilmington, DE). RNA samples were then diluted in diethyl pyrocarbonate-treated water to an appropriate concentration. Reverse transcription of total RNA was carried out using the PrimeScriptTM RT reagent kit (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China) according to the manufacturer's protocols. The primer sequences for the target and reference genes (claudin-2 (CLDN2), claudin-3 (CLDN3), interferon-γ (IFN-γ), interleukin-1β (IL-1β), interleukin-4 (IL-4), interleukin-10 (IL-10), MUC2, myeloid differentiation factor 88 (MyD88), occludin (OCLN), trefoil factor 2 (TFF2), toll-like receptor 4 (TLR4), zonula occludens-1 (ZO-1) and β-actin) are given in the Table 2 . Real-time polymerase chain reaction (PCR) was carried out on an ABI StepOnePlus TM Real-Time PCR system (Applied Biosystems, Grand Island, NY, USA). Briefly, the reaction mixture was prepared using 2 μL of complementary DNA, 0.4 μL of forward primer, 0.4 μL of reverse primer, 10 μL of SYBR Premix Ex Taq TM (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China), 0.4 μL of ROX reference dye (TaKaRa Biotechnology, Dalian, Liaoning, P. R. China) and 6.8 μL of double-distilled water. PCR consisted of a pre-run at 95
• C for 30 s and 40 cycles of denaturation at 95
• C for 5 s, followed by a 60
• C annealing step for 30 s. The conditions of the melting curve analysis were as follows: one cycle of denaturation at 95
• C for 10 s, followed by an increase in temperature from 65 to 95
• C at a rate of 0.5
• C/s. The 2
−ΔΔC
T method (Livak and Schmittgen, 2001 ) was used to analyze the relative expression (fold changes), calculated relative to the control group. The mRNA level of each target gene in chicks fed the control diet was assigned a value of 1.
Statistical Analysis
Data were analyzed by one-way analysis of variance (ANOVA) using SPSS (2008) statistical software (Ver.16.0 for windows, SPSS Inc., Chicago, IL) with pen (cage) as the experimental unit. Differences among treatments were examined using Tukey's multiple range tests, which were considered significant at P < 0.05. The means and total standard errors were presented.
RESULTS
Growth Performance
Broilers fed diets supplemented with Thr (Table 3) exhibited similar growth performance (average daily gain, average daily feed intake and feed conversion ratio) to those given the basal diet during the 21-d study (P > 0.05).
Relative Immune Organ Weight
Compared with the control group (Table 3) , the supplementation of 1 g/kg Thr increased the relative weight of spleen (P = 0.013), whereas this effect was not observed when the level was 3 g/kg, and there was no difference in the relative weight of spleen between the two Thr treatments (P > 0.05). Additionally, a higher level of Thr (3 g/kg) inclusion increased the relative weight of thymus (P = 0.003). However, treatment did not affect the relative weight of bursa (P > 0.05).
Microflora Population
Birds fed diet supplemented with 3 g/kg Thr (Table 3) exhibited reduced Escherichia coli (P = 0.040) and Salmonella colonies (P = 0.015), whereas increased Lactobacillus colonies (P < 0.001) in the cecal contents when compared with those given the control diet. However, Thr inclusion at the level of 1 g/kg exerted no effect on cecal microflora population.
Serum DAO Activity
Broilers fed diets supplemented with Thr exhibited similar DAO activity in the serum (Table 4) to those given the basal diet (P > 0.05).
Intestinal Morphology and Goblet Cell Count
Compared with the control group (Table 4) , dietary 3 g/kg Thr supplementation increased villus height in the jejunum (P = 0.022). Additionally, the inclusion of Thr especially at the level of 3 g/kg increased villus height in the ileum (P < 0.001), and the ratio of villus height to crypt depth in jejunum (P < 0.001) and ileum (P < 0.001). Goblet cell density in the jejunum (P < 0.001) and ileum (P < 0.001) was also increased by the Thr treatment. However, neither jejunal crypt depth nor ileal crypt depth was altered by the supplementation of Thr (P > 0.05).
Intestinal Immunoglobulin Content
The jejunal IgG content (Table 5 ) was increased by the inclusion of Thr (P = 0.002) when compared with the control group. Broilers fed diet supplemented with 1 g/kg Thr exhibited increased concentrations of IgM (P = 0.037) and SIgA (P = 0.018) in the jejunum. However, this effect was not noted when the level was 3 g/kg, and there was no difference in the contents of jejunal immunoglobulins between the two Thr treatments (P > 0.05). Supplementation of 3 g/kg Thr increased the concentration of ileal SIgA (P = 0.023). However, the IgG and IgM contents in the ileum were similar among groups (P > 0.05).
Intestinal Oxidative Status
Compared with the control group (Table 5) , the jejunal MDA accumulation was reduced by the inclusion of Thr (P = 0.012). Likewise, a higher level of Thr supplementation (3 g/kg) reduced MDA content in the serum 2 SEM, standard error of means (n = 6).
(P = 0.029). However, birds showed similar ileal MDA concentration among treatments (P > 0.05). Neither serum nor intestinal SOD activity was altered by Thr supplementation (P > 0.05).
Intestinal Gene Expression
Treatments did not affect the mRNA abundance of measured genes in the jejunum (P > 0.05) as indicated in the Table 6 . Compared with the control group, a higher level of Thr (3 g/kg) supplementation upregulated MUC2 mRNA expression (P = 0.034) whereas downregulated the mRNA abundances of IFN-γ (P = 0.036) and IL-1β (P = 0.031) in the ileum. However, the mRNA expressions of remaining genes in the ileum were similar among groups (P > 0.05).
DISCUSSION
In this study, extra L-Thr supplementation did not affect the growth performance of broilers during the 21-d study, and it was consistent with the finding of Chee et al. (2010b) , who reported that dietary Thr variation (from 8.0 to 10.5 g/kg) did not affect body weight gain, feed intake and feed conversion ratio of broilers in a 21-d study. Similar results were also reported by Horn et al. (2009) and Moghadam et al. (2011) in broilers. According to the NRC (1994), the recommended Thr requirement for broilers during 0 to 3 wk is 8 g/kg. Therefore, the similar growth performance among treatments in the current study was most likely to result from the Thr level in the basal diet (8 g/kg) which would meet the requirements of broilers.
Spleen is related to the proliferation of immune cells and antibody production (Pozo et al., 2009; Tarantino et al., 2013) . The thymus gland is the immune system's center for T-cell proliferation and maturation (Gordon and Manley, 2011) . Corzo et al. (2007) reported that a higher level of Thr was required for the growth and de- 1 CLDN2, claudin-2; CLDN3, claudin-3; IFN-γ, interferon-γ; IL-1β, interleukin-1β; IL-4, interferon-4; IL-10, interferon-10; MUC2, mucin 2; MyD88, myeloid differentiation factor 88; OCLN, occludin; TFF2, trefoil factor 2; TLR4, toll-like receptor 4; ZO-1, zonula occludens-1.
2 SEM, standard error of means (n = 6).
velopment of thymus in broilers under built-up litter environments. Likewise, increasing dietary standardized ileal digestible Thr increased the relative thymus weight of piglets (Ren et al., 2014) . In agreement with these findings (Corzo et al., 2007; Ren et al., 2014) , dietary Thr supplementation increased relative weight of spleen and thymus in this study, which in turn suggested that a higher level of Thr that exceeded the NRC (1994) requirements could exert a beneficial effect on the growth and development of immune organs in broilers at an early age. In broilers, Chee et al. (2010b) showed that an excess intake of Thr can increase the numbers of ileal lactobacilli and lactic acid bacteria in broilers. Additionally, it has been reported that dietary Thr can reequilibrate the gut microbiota in the animals under stress (Faure et al., 2006; Wils-Plotz et al., 2013; Trevisi et al., 2015) . A higher level of dietary Thr supplementation can reduce ileal Eimeria maxima counts in the young broilers challenged with Eimeria maxima (Wils-Plotz et al., 2013) . Also, an amino acid cocktail containing L-Thr, L-Ser, L-Pro, and L-Cys can stabilize gut microbiota population of dextran sulfate sodium-treated rats by increasing the colonies of beneficial microbiota in feces, including Enterobacteria, Lactobacillus, Bacteroides, and Enterococci (Faure et al., 2006 ). In the current study, Thr supplementation reduced Escherichia coli and Salmonella colonies whereas increased Lactobacillus colonies in the cecal contents, indicating that Thr exerted a beneficial effect on the gut microbiota population, which was possibly associated with enhanced mucin synthesis and immunoglobulin secretion resulting from Thr supplementation (Faure et al., 2006; Ren et al., 2014; Trevisi et al., 2015) .
Thr as an essential amino acid is involved in the maintenance of barrier integrity since Thr participates in the synthesis of mucin and immunoglobulins (Li et al., 1999; Faure et al., 2005; Wang et al., 2006; Law et al., 2007; Wang et al., 2010; Ren et al., 2014) . In the current study, extra Thr supplementation improved the intestinal morphology of broilers as evidenced by increased intestinal villus height and the ratio of villus height to crypt depth. Similarly, Chee et al. (2010a,b) found that extra Thr supplementation increased villus height and the ratio of villus height to crypt depth in jejunum. In weaned piglets, graded dietary standardized ileal digestible Thr has also been proved to improve intestinal morphology (Ren et al., 2014) . Goblet cells can secrete cysteine-rich products including MUC2, TFF2, resistin-like molecule β etc., which are involved in the maintenance of mucosal integrity of intestine (McGuckin et al., 2009) . In this study, Thr supplementation increased intestinal goblet cell density. The increased goblet cell number was parallel to the simultaneously enhanced mRNA abundance of MUC2, which can provide a physical barrier between epitheliumand luminal content and also serve as binding sites for immunoglobulins especially for SIgA (Lamont, 1992; Linden et al., 2008) . The result obtained in the current study was partially in agreement with findings of Chee et al. (2010c) in broilers and Wang et al. (2010) in piglets. However, Azzam et al. (2011 Azzam et al. ( , 2012 reported that dietary Thr did not alter intestinal goblet cell number, whereas it increased the MUC2 mRNA expression in the ileum and jejunum of laying hens reared in a hot-humid climate. Early studies have also revealed that neither MUC2 abundance nor goblet cell number was altered by the dietary Thr level in broilers (Horn et al., 2009; Moghadam et al., 2011) . Physiological status, Thr dosage, and diet composition may account for this discrepancy.
In the domestic chicken, 3 classes of immunoglobulins have been identified as the homologs of mammalian IgM, IgA, and IgG (Leslie and Clem, 1969) . The modulatory effect of dietary Thr on the secretion of immunoglobulins and antibodies has been reported previously. In pigs, the supplementation of Thr increased serum IgG concentration (Li et al., 1999; Wang et al., 2006) . In the present study, the supplementation of Thr increased intestinal concentrations of IgM, IgG, and SIgA, and it was consistent with the results of Azzam et al. (2011) who reported that dietary Thr linearly increased ileal IgA content in laying hens. The improvement in the concentrations of intestinal immunoglobulins in this study suggested that a higher level of Thr supplementation would stimulate the synthesis of immunoglobulins since Thr is a major component of immunoglobulins (Tenenhouse and Deutsch, 1966; Kim et al., 2007) . The increased synthesis of immunoglobulins may also account for the reduced pathogenic microflora population in the gut and improved gut morphology. Aside from the modulatory effect of Thr on the immunoglobulins, Thr supplementation also decreased mRNA abundances of pro-inflammatory mediators (IFN-γ and IL-1β) in the ileum. A similar effect was also observed by Ren et al. (2014) in weaned piglets and Wils-Plotz et al. (2013) in broilers. The reduced mRNA expressions of pro-inflammatory mediators were also reflections of simultaneously improved gut health, and it may be in correlated with the increased mucin synthesis as reported by Faure et al. (2006) who found that an amino acid cocktail containing L-Thr alleviated inflammatory situation in dextran sulfate sodiumtreated rats by stimulating mucins synthesis as MUC2 which possess immunoregulatory function (Shan et al., 2013; Peterson and Artis, 2014) .
Reactive oxygen species (ROS) are generated during normal metabolism in cell, whereas concentrations of ROS exceeding the antioxidant protection levels of cells can cause widespread damage to DNA, proteins and endogenous lipids (Yu, 1994) . In this study, dietary Thr improved the oxidative status of broilers by reducing the accumulation of MDA in the serum and jejunum, the main product of lipid peroxidation by ROS (Sumida et al., 1989) . In a previous study conducted by Azzam et al. (2012) , the inclusion of dietary Thr also improve the antioxidant capacity of laying hens, which was evidenced by enhanced activities of SOD and glutathione peroxidase. The improved oxidative status observed in the current study may result from the simultaneously enhanced immune function, reduced colonization of pathogenic bacteria and improved intestinal integrity.
In conclusion, in the present study, dietary Thr can improve immune function, antioxidant capacity, and intestinal health of broilers at the early age, and this effect was more pronounced with a higher level of Thr supplementation.
